The classic form of α1-antitrypsin deficiency (ATD) is a wellknown genetic cause of severe liver disease in childhood. A point mutation alters the folding of a hepatic secretory glycoprotein such that the protein is prone to misfolding and polymerization. Liver injury, characterized predominantly by fibrosis/ cirrhosis and carcinogenesis, is caused by the proteotoxic effect of polymerized mutant α1-antitrypsin Z (ATZ), which accumulates in the endoplasmic reticulum (ER) of hepatocytes. Several intracellular pathways have been shown to be responsible for disposal of ATZ after it accumulates in the ER, but autophagy appears to be specialized for disposal of insoluble ATZ polymers. Recently, we have found that drugs that enhance the activity of the autophagic pathway reduce the cellular load of mutant ATZ and reverse hepatic fibrosis in a mouse model of ATD. Because several of these autophagy enhancers have been used safely in humans for other reasons, we have been able to initiate a clinical trial of one of these drugs, carbamazepine, to determine its efficacy in severe liver disease due to ATD. In this review, we discuss the autophagy enhancer drugs as a new therapeutic strategy that targets cell biological mechanisms integral to the pathogenesis of liver disease due to ATD.
I
n 1963, exactly 50 years ago, Eriksson and Laurell first described α1-antitrypsin deficiency (ATD) when they used newly developed serum protein electrophoresis techniques and discovered that the usual α1-globulin peak was missing from several patients with chronic obstructive pulmonary disease (COPD) (1) . Much was learned about this condition in the next several years. First, it was found to be a relatively common genetic disease, with an incidence of 1 in 1,500-3,000 live births in many regions of the world (reviewed in ref. 2) . The protein affected was found to be a secretory glycoprotein predominantly derived from the liver. Although it could inhibit trypsin in vitro, α1-antitrypsin (AT) was found to be particularly effective in inhibiting neutrophil elastase and so its true physiological function is now thought to be inhibition of neutrophil elastase and several related neutrophil serine proteases. It is a highly regulated protein with serum levels rising three-to fivefold during the host response to inflammation/tissue injury (reviewed in ref. 3) . Soon, it was also learned that there are several forms of ATD, including a classic form in which a point mutation leads to altered folding during biogenesis. In this classic form, the mutant protein, α1-antitrypsin Z (ATZ), accumulates in the early compartments of the secretory pathway, especially the endoplasmic reticulum (ER), while the amount of AT secreted is markedly reduced. Serum levels of AT in affected homozygotes are in the range of 10-15% of those in normal individuals (3) . It did not take long to realize that susceptibility to emphysema/COPD is due to the proteolytic effect of uninhibited neutrophil proteases on the connective tissue matrix of the lung. This realization led to the protease-antiprotease paradigm for pathogenesis of COPD and to the rationale for use of replacement therapy with purified α1-antitrypsin for patients with COPD due to ATD (reviewed in ref. 4) .
In 1969, Sharp (5) made the curious observation that infants with cirrhosis were affected by the classic form of ATD. Soon, it was recognized that ATD was the most common genetic cause of liver disease in children and that it had a wide range of severity levels, including severe disease necessitating liver transplantation. It has taken many years to understand how this genetic defect causes liver disease, but we now know that the broad framework involves the proteotoxic effect of intracellular ATZ accumulation on the liver (reviewed in ref. 6 ). We also know that the tendency for misfolded ATZ to polymerize and aggregate in the ER of liver cells (Figure 1 ) plays a particularly important role in its proteotoxicity and the pathobiology of hepatic injury. Indeed, the proteotoxic effect of intracellular ATZ accumulation appears to have many characteristics in common with a class of diseases now attributed to "aggregation-prone" proteins such as amyloid-β in Alzheimer's disease and the poly-Q proteins that cause Huntington's disease. In this article, we will review recent work on the cellular fate of mutant ATZ, how this influences the development of liver disease, and how it has led to novel therapeutic strategies, one of which has already reached a phase II/III clinical trial.
Clinical Characteristics of ATD
The clinical presentation of lung disease due to ATD is very similar to other causes of COPD. Interestingly, there is very little evidence for lung disease or dysfunction during childhood and Review Wang and Perlmutter adolescence. The most severe cases are discovered clinically in the mid to late 30s. Cigarette smoking increases the incidence and severity of lung disease in ATD by more than 1,000-fold (2) .
There are reports that associate ATD with many other diseases, but almost all are limited in scope of experimental design, statistical analysis, and hypothetical mechanistic explanations that are not easy to reconcile with clinical observations. However, the curious association of ATD with vasculitis syndromes has recently been strengthened by genome-wide sequence analysis in a population of patients with antineutrophil cytoplasmic antibody-associated vasculitis, a population that includes what was previously known as Wegener's granulomatosis and microscopic polyangiitis (7) .
Liver disease can present clinically in several different ways. The most common is jaundice in the neonatal period. In most cases, the jaundice resolves and there is no further evidence of liver dysfunction. Progressive liver dysfunction can develop in the first 4 y of life, what we now call the "infantile" form of the disease. The "childhood" and "adolescent" forms of the disease present at 4-12 and 12-15 y of age with portal hypertension. In most of these cases, there is no history of neonatal jaundice. There is also a form of the disease that presents first at ages 40-70, and this "adult" form is much more common than previously recognized. In fact, this form of hepatic disease accounts for 88% of all liver transplants done for ATD in the United States (United Network for Organ Sharing (UNOS), personal communication). In all cases, the hepatic disease of ATD is characterized by fibrosis with relatively limited inflammation (3). ATD patients are also susceptible to hepatocellular carcinoma (8) , usually developing in the adult form, but it has also been seen in adolescents (9) .
In a unique cohort study, Sveger used nationwide screening in Sweden to identify 127 newborns with the classic form of ATD (10) (11) (12) . The cohort has been followed for more than 40 y, and the results show that only ~8% have experienced clinically significant liver disease. These results have led to the concept that genetic and/or environmental modifiers determine whether an individual with ATD falls within a subgroup that is susceptible to proteotoxicity or within the larger group of ATD patients who appear to be protected. Because the Sveger cohort has only reached ages in the fourth decade, the overall framework of this concept would only apply to the more extreme cases, namely, the infantile, childhood, and adolescent forms of ATD liver disease. Although there are many reports of liver disease in individuals heterozygous for the Z allele, all of these reports involve populations that are biased in ascertainment, and susceptibility to liver disease in heterozygotes is still not definitively determined.
Cellular Mechanisms That Determine Liver Disease
The most important evidence that liver disease in ATD is caused by gain-of-function proteotoxicity comes from studies of mice transgenic for the mutant human ATZ gene. In each case, the mouse model develops liver disease even though its endogenous antielastases remain intact, and so the liver pathology cannot be caused by loss of function (13, 14) . In the most well studied of these mouse models-the PiZ mousethe transgene was a genomic fragment of DNA that contains the coding regions of the ATZ gene together with introns and an ~2-kb portion of upstream and downstream flanking regions (13) . The liver pathology of this mouse closely resembles the human liver pathology, with intrahepatocytic globules reflecting polymerized/aggregated ATZ accumulated in the ER, fibrosis, mild steatosis, hepatocyte-regenerative activity with mild inflammation, and increased incidence of hepatocellular carcinoma (15) (16) (17) . Furthermore, it is characterized by morphological changes, including induced autophagosomes, structural alterations in mitochondria, and changes in signaling pathways that include, most notably, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and transforming growth factor beta (TGF-β) activation (18, 19) .
Because intracellular accumulation of ATZ and its proteotoxicity appear to be seminal for the pathogenesis of this liver disease and because so many homozygotes for ATD do not experience the clinical effects of hepatic proteotoxicity, we have focused our attention on the endogenous proteostasis mechanisms that could potentially counteract these types of damaging effects (Figure 2) . First, we directed our studies to elucidating the mechanisms by which liver cells degrade mutant ATZ and discovered that the proteasomal and autophagy pathways play a major role (reviewed in ref. 20) . The proteasome, as a part of the process that is called ER-associated degradation, is probably responsible for degradation of soluble monomeric ATZ, whereas autophagy is specialized for degradation of ATZ polymers and aggregates that can be either soluble or insoluble. Autophagy is a ubiquitous pathway by which cells generate amino acids to survive stress conditions by digesting internal constituents. It is characterized by double membrane vacuoles that form in the cytoplasm, sequestering cytosol and organelles and then fusing with lysosomes for degradation of the internal constituents of the "autophagic" vacuole. The autophagic pathway has been shown to play a critical role in degradation of aggregated proteins, and the known decline in autophagy 
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Review function with aging has thus been implicated in the pathogenesis of age-dependent diseases caused by aggregation-prone proteins and aging itself (reviewed in ref. 21) . Recently, a pathway from Golgi complex to lysosome that involves sortilin has been shown to play a role in intracellular degradation of ATZ (22) , and we suspect that there are additional mechanisms that have not yet been identified by which cells degrade ATZ.
To determine how cells might mitigate the proteotoxicity of intracellular ATZ accumulation and presumably protect ATD hosts from liver disease, we also focused on signaling pathways that activate proteostasis mechanisms. Using a variety of genetically engineered mammalian cell line and mouse models, particularly models with inducible expression of ATZ, we have found that there is a distinct set of signaling pathways that are activated when ATZ accumulates in cells. NF-κB, TGF-β, ER caspases, mitochondrial caspases, and the autophagic response appear to be the key signaling pathways activated in model systems and liver tissue from ATD patients (18, 19) . The NF-κB pathway probably plays a role in the effect of ATZ accumulation on hyperproliferation and carcinogenesis, and the TGF-β pathway is likely to be a major determinant of the fibrotic response that is characteristic of ATZ proteotoxicity. Activation of ER caspase-12 and mitochondrial caspases is likely to be involved in the alterations of mitochondrial structure and function that have been found in response to ATZ proteotoxicity (18, 23) . Activation of the autophagic response was shown when a mouse model with hepatocyte-specific inducible expression of ATZ, the Z mouse, was bred onto a genetic background that generates green fluorescent autophagosomes, the green fluorescent protein (GFP)-LC3 mouse (24) . In contrast to the GFP-LC3 mouse in which starvation was necessary to induce GFP+ autophagosomes in the liver, induction of ATZ gene expression was sufficient to induce hepatic GFP+ autophagosomes in the Z × GFP-LC3 mice in the absence of starvation. This particular result indicates that when ATZ accumulates in cells in an ATD patient, it specifically activates autophagy, and then autophagy participates in the disposal of ATZ. It is also notable that activation of the unfolded protein response is impaired in mammalian ATD model systems and tissues from ATD patients (18, 19) . Although the mechanism for this impairment is not elucidated, we suspect it is an important part of the hepatic pathobiology, perhaps accounting for why globule-containing hepatocytes are found in the liver and drive the hyperproliferative state rather than undergoing apoptosis because of chronic unfolded protein response activation.
Carbamazepine Promotes Autophagic Degradation of ATZ and Reduces Hepatic Proteotoxicity in the PiZ Mouse Model
One of the major reasons that we investigated the intracellular degradation mechanisms and signaling pathways that play a role in the fate of ATZ is because we predicted that these would be targets of disease modifiers and potential targets of novel therapeutic strategies. To address this prediction, we recently investigated the possibility that autophagy enhancer drugs mitigate the proteotoxicity of ATZ and could therefore be used as a therapeutic strategy. We selected autophagy enhancer drugs because autophagy appears to be particularly important in ATD in that it is both specifically activated and plays a role in ATZ disposal. Furthermore, at the time we initiated the investigation, several drugs were shown to enhance autophagic degradation of aggregation-prone proteins, particularly the poly-Q proteins (25, 26) . From this list of autophagy enhancer drugs, we focused on carbamazepine (CBZ), an anticonvulsant and mood stabilizer, because it has been used very extensively in clinical practice. The results showed that CBZ could indeed mediate increased intracellular degradation of ATZ but, even Review Wang and Perlmutter more importantly, the results showed that when administered orally to PiZ mice, the drug mediated a reduction in both hepatic ATZ load and hepatic fibrosis (15) . Because CBZ is approved by the US Food and Drug Administration for use in clinical practice, it has been moved into a phase II/III clinical trial for patients with severe liver disease due to ATD. The results of this study also validate the concept that endogenous proteostasis mechanisms, mechanisms that probably protect ATD patients from hepatic proteotoxicity and disease, can be targeted for effective drug therapy (Figure 3) .
New Autophagy Enhancer Drugs Discovered by Automated Screening Using a Caenorhabditis elegans Model of ATD
Recently, a transgenic C. elegans strain was developed as a novel animal model of ATD. A chimeric GFP-ATZ plasmid was used as the transgene, and it was targeted for expression in the intestine because intestinal cells of C. elegans carry out many of the functions attributed to the liver in higher organisms. The model recapitulates the cellular defect of ATD with intracellular accumulation of GFP-ATZ associated with proteotoxicity, as shown by slowing of larval development, decreased brood size, and diminished longevity. The model has also been adapted to automated high-content screening platform using an automated array scanner that detects the GFP+ ATZ accumulation. Screening of drug libraries using this platform has provided further validation for the autophagy enhancer class of drugs and has suggested some additional concepts for drug development. An initial screen of the Library of Pharmacologically Active Compounds (LOPAC) drug library identified five hit compounds that mediated dramatic, dose-dependent reductions in ATZ load (27) . Interestingly, four of these five hit compounds have the property of enhancing autophagy. These four compounds are all in active clinical use and so, similar to CBZ, they can immediately be tested in clinical trials, "repurposing" them for ATD. Another very interesting aspect of these findings is that two of the compounds are from the phenothiazine family, a drug family that is structurally related to tricyclic antidepressants, including CBZ. The phenothiazines have also been shown to enhance autophagic degradation of the aggregation-prone protein huntingtin that causes Huntington's disease (25, 28) . Thus, this type of screening platform provides a wonderful new model for drug discovery for ATD and two new strategies for chemical-and computation-based drug discovery using the autophagy enhancer drug paradigm and the phenothiazine structure.
New Autophagy Enhancer Drugs Arising From Other Drug Discovery Platforms
A number of other autophagy enhancer drugs have been described in the recent literature (Figure 4) . For example, fluspirilene, another phenothiazine that was identified by high-throughput screening for autophagic degradation of huntingtin (25) , has been investigated in further detail (29) . The studies show that fluspirilene induces autophagy by reducing intracellular Ca 2+ and preventing calpain 1-mediated cleavage of autophagy gene ATG5. Higher levels of uncleaved ATG5 Figure 3 . Site of action of autophagy enhancer drugs. The normal secretory pathway traversed by wild-type α1-antitrypsin (AT) is shown at the bottom and then at the far right edge of the figure. α1-Antitrypsin Z (ATZ) aggregates (yellow) being degraded by autophagy are shown in the middle. ATZ monomers being degraded by the ubiquitin (Ub)-dependent proteasomal pathway are shown on the left. Carbamazepine enhances both proteasomal degradation and autophagic degradation. Based on the current data, other autophagy enhancers, including fluphenazine, pimozide, and rilmenidine, enhance autophagic degradation. Proautophagy peptide Tat-beclin-1 binds to GAPR-1 (Golgi-associated plant pathogenesis-related protein 1, which is a Golgi-associated autophagy inhibitor) and releases beclin-1 from Golgi, thereby increasing free beclin-1 in the cytoplasm to induce autophagy. 
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A novel autophagy-inducing peptide has recently been identified, and it has potential applications in degradation of protein aggregates and in treating infectious disease (30) . Previous studies have shown that the human immunodeficiency virus (HIV) protein Nef acts as an autophagy inhibitor by directly interacting with the autophagy regulatory factor beclin-1 (31). Shoji-Kawata took advantage of this information about HIV by designing a peptide based on the Nef-binding region of beclin-1. The Tat sequence was engineered into the peptide to provide for cell penetration. This Tat beclin-1 peptide had powerful autophagy-inducing activity, as evidenced by the degradation of mutant huntingtin and antagonistic activity against several invasive bacterial and viral pathogens. It was found to bind to Golgi-associated plant pathogenesis-related protein 1, a previously unknown negative regulator of autophagy identified in this work. The competing interaction of Tat-beclin-1 to Golgiassociated plant pathogenesis-related protein 1 releases beclin-1 from the Golgi complex, thereby increasing free beclin-1 in the cytosol to induce autophagy. This autophagy-inducing peptide would therefore be a potential therapeutic candidate for ATD.
A novel gene therapy approach to enhance autophagy has recently been described by Pastore et al. (32) . This study reported that transcription factor EB (TFEB), a master gene that regulates autophagy and lysosomal gene expression, induced autophagy-dependent ATZ clearance in a mammalian cell line model. Using adenovirus-mediated gene transfer of TFEB in the PiZ mouse model of ATD, this strategy was shown to significantly promote hepatic ATZ clearance and reduce liver fibrosis in vivo. Although it will require more time for this strategy to gain entry into clinical trials than the drugs approved by the US Food and Drug Administration mentioned 
Enhancement of Autophagy as a Therapeutic Strategy for Other Diseases
An important feature of autophagy is that it recycles amino acids, lipids, and other metabolic precursors, and these serve as nutrients for energy metabolism and maintenance of essential cellular functions. Under stress conditions, enhanced autophagy allows cells to adapt to changing nutritional and energy demands through protein catabolism (reviewed in ref. 33 ). He et al. (34) recently showed that acute exercise induces autophagy in skeletal and cardiac muscle, adipose tissue, and pancreatic β cells in mouse models. Interestingly, mice that have exercise-induced autophagy in these tissues are more resistant to high-fat-diet-induced glucose intolerance, leptin resistance, and increased levels of serum cholesterol and triglycerides. These exercise-associated benefits are not seen in the BCL2 AAA mutant mice that are deficient in exerciseinduced autophagy. Thus, this result indicates that autophagy enhancers may have beneficial effects on age-dependent metabolic diseases, such as type 2 diabetes. Most neurodegenerative disease-associated proteins that form aggregates or inclusions are autophagy substrates. Enhanced autophagy decreases the toxic accumulation of these mutant proteins, such as mutant huntingtin (Huntington's disease), mutant α-synuclein (Parkinson's disease), mutant ataxin-3 (spinocerebellar ataxia type 3) and tau (Alzheimer's disease; reviewed in ref. 35) . Therefore, autophagy enhancers have been extensively studied for their potential to treat neurodegenerative diseases. For example, a screen of drugs approved by the US Food and Drug Administration identified five drugs that enhance autophagy through mammalian target of rapamycin (mTOR)-independent pathways and, thereby, enhance clearance of mutant huntingtin in mechanistic cell lines and models of Drosophila and zebrafish (36) . These drugs are K + channel opener minoxidil, Gi-signaling activator clonidine and rilmenidine, and L-type Ca 2+ channel antagonists verapamil, amiodarone, and loperamide. A followup study has shown that rilmenidine induces autophagy in primary neuronal cultures and alleviates toxicity of polyglutamine expansion in a transgenic mouse model for Huntington's disease (37) . This result suggests that rimenidine, a safe antihypertensive drug, is a promising candidate for clinical trials in Huntington disease. The drug latrepirdine has recently been shown to enhance autophagic degradation of α-synuclein in a cell line model of Parkinson's disease (38) and reverses cognitive decline in a mouse model of Alzheimer's disease (39) .
Autophagy also plays a critical role in the immune system. Many medically important pathogens (varieties of bacteria and viruses) are degraded by autophagy (reviewed in ref. 35 ). Thus, autophagy enhancer strategies may have therapeutic potential for infectious diseases. For example, stimulation of autophagy by vitamin D was implicated as a strategy for inhibiting Mycobacterium tuberculosis infection (40) . The Tat-beclin-1 peptide, which activates autophagy, was shown to have antiinfective activity in mammalian cell lines when tested against infection from three positive-stranded RNA viruses (sindbis virus (SINV), chikungunya virus (CHIKV), West Nile virus. (WNV)), human immunodeficiency virus (HIV)-1, and the intracellular bacterium, Listeria monocytogenes (30) .
In summary, the discovery of several pharmacological strategies for enhancing autophagy holds great promise for therapeutic intervention, including the liver disease caused by ATD. This strategy is particularly appealing because it targets a fundamental cell biological mechanism and one of the major mechanisms by which the cell protects itself from proteotoxicity.
